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A free-flight investigation of the drag on.four full-scale models .
of 16-inch-diameter rsm-jet engines was conducted. For each model, the
total, base, internal, and external drag were evaluated. Data obtained
from one model were sufficient that the constituents of the external
drag, nsmely, cowl pressvze, additive, and friction drags, could be
evaluated for a Mach nuniberrange from 0.80 to 1.43 and a mass-flow
ratio from 0.66 to 0.84. The drag results from this model are ~re-
sented herein, and a general comparison is made with the data obtained
from three other models. ‘Themodel was launched from an airplane at
35,000 feet, rocket-propelled to supersonic velocities during the free
fall, and then decelerated because of its drag through the transonic
range before @act. Thus data were obta~ed over the sane l+kchnuniber
range for rocket-on and rocket-off operation. .,

It was possible to account for”at least 94 percent of the total
drag, as determined directly from accelerom&er data, by summation of
the constituent drags, that is, cowl pressure, additive, friction,
base, and internal drag, each of which was determined independently
from pessure measurements. A net thrust force.was encountered acting
on the cowl at Mach nunibersless thsn 1.22 and 1.39 for the rocket-off
and rocket-on conditions, respectively. For the rocket-off condition
the external drag coefficient, excluding base drag, had a minimum value
of 0.13 at a Mach nuuiberof 0.90 and gradually tncreased to a max5mnzm
value of 0.20 at a I&ch number of 1.33. This compares with a total
drag coefficient variation from 0.44 at a Mach nuniberof 0.90 to 0.62
at a Mach number of 1.15. Good agreement was obtained between the pre-
dicted (1/7 power law) and experimental boundary-layer velocity pro-

* files at radial distsnces from the body b excess of 20 percent of the
boundary-layer thickness. Below this.value the experimental data devi-
ated slightly from the predicted values.!0
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A

INTRODUCTION
P

In order to predict the performance of ram-jet engines operating
in the transonic speed range, it is necessary to estimate reliably the
propulsive (thrust mtius drag) forces. At the present time, the internal
thrust of the engine maybe readily predicted, but it is extremely dif-
ficd.t to estimate the transonic drag because existing theories are
inadequate and little experimental information is available. As a
result, an experimental investigation employing the free-flight drop
technique was conducted by the NACA Lewis laboratory utilizing the
facilities of the NACA Langley Pilotless Aircraft Research Station,
Walloys Islsnd, Virginia. The purpose of this investigation was to
evaluate the transonic drag encountered with a 16-inch-diameter ram-jet
engine. Four fulJ-scale models were dropped from anF-82 airplane
(fig. 1) at a pressure altitude of 35,000 feet, rocket-propelledto
supersonic velocities, and then decelerated through the transonic range
before impact. The models were lightweight facsimiles of the NACA
16-C-type ram-$et engine (reference 1] which was designed to operate
with a normal shock at the inlet at a free-stream Mach nuniberof 1.60.
The 50° spike of the centerbody was so po~itioned that the attached
conical shock worildintercept the lip of the outer shell at a free-
stream Mach number of 1.80. An annular restriction was inserted In the
outlet of each model to reduce the internal air flow to representative
subcritical inlet mass flows encountered during codmstion. Data were
obtained at severaJ inlet mass-flow ratios and outlet pressure ratios
by using a different outlet area in each model. These data were recorded
by radio-telemetering and radar-tracking equipment on continuous records.

-.

—

.

The total, base, internal; snd external drag of the first two
models investigated are reported in reference 2.

—
Similar data were

obtained from a third model. However, in the fourth model investigated,
—

the instrumentation was increased from 10 to Xl measurements so that
the constituents of the external drag, namely, the additive, cowl pres-.
sure, and friction drag, could be determined.

—
The drag results of this

model over a free-stream Mach nuniberrange from 0.8 to 1.43 me pre-
sented herein and tie compared with the restits obtained from the other
three models. In the presentation of the data it is convenient to refer

.—

to rocket-off and rocket-on operation because at a given free-stream
..

Mach number, the operation of the rocket altered the mass flow through
—

the engine, which had a subsequent effect on the over-all drag charac-
teristics of the engine. —

SYMBOLS e-

The following synibolsare used.in this report:

a net acceleration, ft/sec2
n

—
.
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drag coefficient, D/~

rocket thrust coefficient, T/q@m

friction drag coefficient based on wetted srea ~stream of
boundary-layer survey rake, &.36 sqft

propulsive thrust coefficient, (T-D)/~i3m

drag, lb

distance downstream of cowl lip, in.

Mach

mass

mass
of

nuder

flow, lb/see

flow in free-stream ttie equal in area to projected lip area
cowl, lb/see

total.pressure, lb/sqft abs

static pressure, lb/sq ft abs

pitot static position error, lb/sqft

dynamic pressure, lb/sq ft (0.7 p~)

Reynolds nwaber based on model length of 14.3 feet

radial distance from -is of symnetry, h.

maximum cross-sectional.area, 1.4 sq ft

thrust, lb

static temperature, %

velocity at boundary-la~r

local velocity in boundary

thickness 6, f’t/sec

layer, ft/sec

distance downstream of apex of central body, in.

radial distance from external surface of shell, in.

— .-
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8 boundary-layer thickness, in.

e angular displacement from center line of base pressure orifices,
as shown in figure 2, deg

Subscripts:

a

b

c

f

i

2

s

t

o

1

2

3

additive

base

cowl

friction

internal

local conditions

spike

total

station at free stream

station at cowl inlet

station at diffuser outlet

station at model outlet .-

.

.

APPARATUS AND PRocEDm

A schematic diagram including dimensions and the location of the
tation pickups for model 4 is showr_in figure 2. Coordinatesinstrumen

of the inlet of the rsm-~et engine are included in figuxe 3. A self-
averaging total-head probe was used in order to obtain an adeq,,te
total-pressure survey at the inlet with only a single measurement.
Ground tests indicated gQod agreement between the data from this probe

—

ud the average total pressure as obtained from a 10-tube survey rake.
The probe, as shown in figure 4, has a slotted intake, the sides of
which are radial lines, thus making any segment of the rake intake area
a function of the flow area covered by that segment. Included in fig-
ure 4 is a sketch of the boundary-layer survey rake.

f
The material in

reference 2 in regard to APPARATUS AND PROC!EDURXapplies to model 4
with the addition of the following information: Model 4 contained a ._
10-channel telemetering system which incorporated an NACA-designed ._

. . . —. .



switchtng unit so that 30 independent measurements would be transmitted
% within a 0.17-second time interval. A photograph of the centerbody

(fig. 5) illustrates the general arrangement of the telemetering egyip-
ment. Included in figure 5 is a tabulated listing of the instrumenta-
tion giving the location, range, and frequency of each instrument.

Model 4 was released at a pressure altitude of 35,000 feet and a
free-stresml&ch nuuiberof 0.55. Rocket ignition occurred approxtitely
13 seconds after release. At the end of the 14-second rocket-boost
period, the rocket thrust and the force of gravity had accelerated the
model to a maxSmnm Mach nuriberof 1.43 at a pressure altitude of
21,800 feet. The model then decelerated because of its drag to a Mach
nuniberof 0.74 at @act, which occurred 50.7 seconds after release.

METHODS OF CALCULATION

The data were computed in accordance with the calculation method
described in reference 2. Additional computations were made to deter-
mine the additive, cowl pressme, and friction drag. The additive drag

. (reference 3), defined as the drag force acting parallel to the axis of
symmetry on the streamlines entering the inlet, was determined by a
force summation method as the difference between the momentum of the

. engine air flow at the inlet and the free-stream plus the axial force
component on the spike of the centerbody. The axial or drag force
acting on the spike was calculated from the static pressures measured
along the surface of the s~ike. The pessure drag acting on the ~erior
shell was determined by the graphical integration of the static pres-
sures acting on the cowl. The friction drag was determined from the
momentm decrement obtained from the boundary-layer survey rake data.
It was assumed that the effect due to static-pressure gradient along the
shell was negligible at the low supersonic M&ch numbers encountered in
this investigation and that the static pressure and total temperate
at the rake were constant through the boundary layer. The over-all
friction drag was obtainedby apylying the coefficient based on wetted
area as determined at the rake (44.36 sq ft) to the entire wetted sur-
face of the external shell and fins (69.93 sqft).

I

RESUEC!SAND DISCUSSION

●

✎

The prlmsry purpose of this investigation was to evaluate the tran-
sonic total drag “andits components for a full-scale model of a 16-inch-
dismeter rsm-~et engine operating under actual atmospheric conditions.
The flight conditions encountered are shown in figure 6 wherein the
Reynolds nmiber was based on a model length of 14.3 feet. Data were
observed for accelerating (rocket-on) and decelerating (rocket-off)



6

operation over the same free-stream Mach nuniber
a given Mach nuniber,rocket operation decreases
through the engine from the ratio obtained with

NACA RME52F02

range (0.8 to 1.43). At
the mass-flow ratio
the rocket-off condition.

This change in mass-flow ratio affects the over-all drag characteristics
of the rsm jet. The data are therefore, h general, shown separately
for the two conditions. The mass-flow ratio is defined as the ratio of
engine air flow to the flow in a free-stream tube of cross-sectional
area equal to the projected lip area of the cowl. The variation of
mass-flow ratio m/~ with free-stream Mach number ~ is shown in
figure 7. The mass-flow ratio range covered in this investigationwas
from 0.66 to 0.84. Also included ti figure 7 is the maximum theoreti-
tally possible mae~-flw ratio which this iQet cc?@l experience though
the free-stream Mach nuttiberrange covered by this investigation.

In addition to the drag datal which are discussed later, it was
possible to evaluate the static-pressureposition error encounteredby
the airspeed boom and also to evaluate the total-pressure recovery
across the diffuser. Figure 8 illustrates the static-pressureposition
error 4 expressed as a ratio to the free-stream dynamic pressure ~
e~erienced on the antenna-airspeedboom at a location 1.63 inlet
dismeters forward of the leading edge of the cm?l. Inasmuch as the
telemetered static pressure was in error by this smount through the
transonic flight range, it is of interest to note the position error
because, if neglected, errors couldbe introduced into the altitude,
velocity, and Mach number when these computations are based on teleme-
tered static pressure. However, this position error is a function of
both the geometry of the inlet and the location of the static orifice
and therefore is quantitativelypeculiar to this particular engine. The
value of Ap/~ increases positively from a~roximately O at ~ of

0.8 to a maximum value at ~ of 1.04. At this point the bow wave
moving downstream toward the ram jet passes over the static orifices
and &/~ d3?OpS Sharp- tO -0.015 and then increases positivel.ywith
increasing ~ and becomes approximately O at ~ >1.20. As ~ected,
the position error is insensitive to a change in mass-flow ratio (indi-
cated by rocket-on and rocket-off data) at ~ > 1.04 because supersonic
flow exists at the orifices and the pressure disturbances generatedby
the rsm jet cannot propagate upstresm to the orifices. However, in the

% ‘we Of 0.8 to 1.04 the flow past the orifices is subsonic and the

pressure field generatedby the body and augmentedby the mass-flow
ratio is sufficient to cause the observed errars in the static-pressure
measurement.

Figure 9 shows the total-pressure recovery across the diffuser
P2/Po and the corresponding diffuser-exit Mach nuniber M2 as a func-

tion of ~. The diffuser total-pressure recovery decreased from
approximately 0.95 at ~ of 0.8 to 0.92 at ~ of 1.43 with sub-

critical internal air flow.

.

+

● “

.
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Drag Evaluations

.

9

The total dzag acting on the model was defined as the sum total of
the individual drags wh+ch included the cowl pressure, adtitive, fric-
tion} base, and internal drag.

Cowl pressure drag. - The cowl yressure drag was determined from
the integration of the static-pressure distribution measured along the
cowl. Figure 10 presents the cowl static pressure, expressed as a ratio
*O the sabient pressure pc/po, as a function of ~ for the various

cowl static-pressure orifices. A cross Qlot of these data is given in
figure 11 to illustrate the axial pressure distribution along the cowl
for values of constant ~. Data are shown for the two operating con-
ditions (rocket-on and rocket-off) to illustrate the effect on the cowl
pressure distribution of a change in external air spillage resulting
frm a change in =ss-f low ratio. For exsmple, an increase in external
air spillage (rocket-on operation) accelerated the flow over the cowl
causing a decrease b the static-pressure ratio along the forward por-
tion of the cowl (d/r= ~ O.4) and changed the slope of the pressure

ratio curve near the leading edge frmn negative to positive
(d/rmx s O.1). However, at d/r== 1.5 the pressure ratio is approx-

imately 1.0 and does not vary with a change in ~ sud external air
spillage. The portions of the curves of figure U. as shown by the
dashed lines were arbitrarily faired to conform with the cowl shape which
became conical at approximately d/r= = 1.0● FiWe ~ sh~s the cor-

responding pressure drag in coefficient form ~c as a function of Mo ●

The negative drag coefficient shown for ~ from 0.8 to 1.22 for the
rocket-off condition and for Mo from 0.8 to 1.39 for the rocket-on
condition indicates a net thrust acting on the cowl. As expected, a
decrease in mass-flow ratio was accompanied by a decrease in the cowl
pressure drag coefficient. For example, at ~ of 1.0 the cowl pres-
sure drag coefficient chang~ from -0.035 to -0.062 with a decrease in
mass-flow ratio (fig. 7) of 0.75 to 0.68.

Additive drag. - As a result of computing the change in momentum of
the internal flow from the rsm-jet outlet to the free-streau condition
rather than to the ram-jet inlet, it is necessary to include the additive
drag. The additive drag coefficient CDa is presented in figure 13 as

a function of free-stream Mach nwiber. The maximum CDa was 0.07 and
occurred at ~ between 1.1 to 1.2 with the rocket on. It iS obvious
that a negative additive drag coefficient cannot exist under any possible
flow condition at the inlet and the negative values of CDa at

~~0.89 as shown by the data potits are an indication of a slight
error in the data in this low speed range.

In order to show more clearly the effect of mass-flow ratios and Mo
on the additive drag coefficient, the data have been cross plotted in

~--- -.
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figure 140 Additional data at higher Mach numbers are shown for a
similar 16-inch-diameterram jet which was investigated in the Lewis 8-
by 6-foot supersonic tunnel (reference 4.).

u
It is readily apparent that

a decrease in mass-flow ratio at constant ~ or an inaease in ~
at a constant mass-fluw ratio is accompanied by an increase in additive
drag and is typical of subcritical engine air flow operation.

In determining the additive drag,
used which necessitated evaluating the
the centerbody which projected forward
in coefficient form CDs was computed

bution along the spike as shown by the

a force smmnation method
drag force acting on the
of the inlet. This drag
from the static-pressure

was E
spike of !&
expressed
distri-

data in figure 15. It is of
interest to note the chsnge in sl~e of the stati~-pressure ratio at the
first or most forward orifice at ~ of 1.16 both with and without

rocket operation. Theoretically, at supersonic ~ < 1.33 the oblique
conical shock is detached and positioned as a bow wave upstream of the
50° cone of the central body. In figure 8 the bow wave traversed the
orifices on the antenna-airspeedboom at Mo of 1.04. It is believed
that at ~ of 1.16 the position and strength of the approaching bow
wave are such that the interaction of the shock with the boundary layer

—

caused boundary-layer separation, which is indicated by the decrease in
.

static-pressureratio at the first orifice. The theoretical static-
pressure ratio for supersonic cone flow is included in figure 15. The
experimental data indicate that supersonic cone flow existed at

“–

~ >1.40, as shown by the static-pressure ratio of the most forward
orifice which approaches the theoretical value. Since the model operates
with mibcritical internal flow because of the restriction in the outlet,
a normal shock is also positioned ahead of the inlet at low supersonic
Mo. It is believed that this shock was located between the first and
second orifices, inasmuch as the static-pressureratio for the second
orifice is higher than that predicted by supersonic cone flow for the
Mo range of 1.33 to 1.43. It is also noted that the boundary layer is
attached, as no decrease in slope of the static-pressure ratio can be
seen to indicate separation.

Friction drag. - The friction drag acting on the extqrnal surfaces __
of the ram.jet was determined by the usual method of obtaining the
momentum decrement in the boundsry layer resulting from the viscous

——

shear forces. A survey of the boundary layer was conducted by means of
a total-pressure rake and a flush static orifice located 1.35.3inches
downstream of the leading edge of the cowl. Typical boundary-layer
velocity profiles are shown in figure 16 wherein the local Mach nuniber
profile through the boundary layer is given for ~ of 0.8, 1.0, 1.2,
smd 1.4. Boundary-layer thiclmess 5 is indicated as the point at .

which the slope dy/dM2 increases abruptly. ~ta are shown for both
the rocket-on and rocket-off conditions and it is apparent that the
effect of the different mass flows on the ldachnunber profile and

.
-_

..- .._
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boundary-layer thicb.ess is negligible. Comparison of the boundary-
% layer data tith the 1/7 power law, which was found to be most applicable

to this data, is shown in figure 17. Good agreement is obtained for
values of distance ratio y/5 greater than 0.2. Below this value the
experimental data deviate slightly from the empirical value, as shown.

The friction drag expressed as a coefficient Cf based on wetted
area is shown in figure 18. Constant Mach nunhr curves based o? e~eri-

N mental data are included.
u-l

The theoretical curves based on von Karman
$ equations (ref~ence 5) for a smooth flat plate with turbulent boundary

layer are ticluded for comparison purposes. As expected, the experi-
mental data ~e higher in value than the theoretical cmves because of
the effects of surface roughness, but it is noted that the trends of the
experimental curves are similar to those of the theoretical. Figure 19
illustrates the friction drag coefficient based on maximum cross-
sectional area ~f -as a function of ~. An increase in ~ is
accompanied by a decrease h the friction drag coefficient. For
example, ~f decreases from 0.18 to 0.13 with an increase in ~ from

0.80 to 1.43 for the rocket-on condition. The deviation of the rocket-on
and rocket-off curves with decreasing ~ is attributed to the corre-
sponding divergence in Reynolds nmibers between the two conditions.

Base drag. - The base drag resulting from the lower than atmospheric
pressures occurring on the flat base of the annular restriction is shown
in figure 20j also included are the base static-pressure ratio and the
static-pressure ratio of the exhaust jet issuing from the center of the
annular base. The data are shown for both the rocket-on and rocket-off
conditions. In general, an increase h ~ was accompanied by a
decrease in base pressure ratio despite a large increase in jet static-
pressure ratio. In the transonic Mach number range, an abrupt drop in
base pressure ratio occurred at ~ of 0.97 for both the rocket-on and
rocket-off operating conditions, followed by a partial recovery in the
base pressure ratio at ~ of 1.16 for the rocket-off condition and
at ~ of 1.32 for the rocket-on condition. This transonic base pres-
sure drop is not attributed to the jet pressure ratio as no abrupt
change in this data can be seen. It is believed tobe largely a tran-
sonic phenomenon associated with the free-stresm conditions. However,
the delayed recovery for the rocket-on condition (~= 1.32) as
compared with the rocket-off condition (~ = 1.16) suggests a possible
aspirating effect caused by the higher jet exhaust velocities associated
with the rocket-on condition. It is also possible that this partial
base pressure recovery maybe an unstable flow phenmnenon and that the
apparent hysteresis loop in the data may be due to the direction (accel-

* crating or decelerating) with which the test conditio~ was approached.
“ A general comparison is made with the base data obtained from solid
bodies of revolution (reference 6) and from blunt tratling-edge airfoil
sections (reference 7). As canbe seen from figure 20, the annular base

—
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data in the stisonic MO r~e are approximately halfway between the
body of revolution and airfoil data. Hol?wer, above MO of 1.10 the
annular data agree closely with the airfoil base data. These data are
lower than the body of revolution data} indicating that higher base
drags were encountered. The base drag coefficient C~ clemly imM.

trates the drag penalty incurred by this transonic decrease in base
static pressure. For the rocket-off condition, cm increased from a

subsonic value of 0.23 to an avexage maximum of O.35inan~ rangeof

1.02 to 1.15 followed by a gradual decrease to a c% of 0.25 at ~

of 1.30. For the r~cket-on condition, the mxlmum ~ waso.33.

Internal drag. - The internal drag was determined from the change
in momentum of the internal engine air flow from the free-stream condi-
tions to the engine outlet. The data are presented in coefficient form
in figure 21 for both the rocket-on and rocket-off conditions. The
rocket-on data are based only on the loss in mcmentmn of the intake air
and do not include the momentum of the rocket exhaust gas. The internal
drag coefficient CDi rema-d approximately constant at 0.04 for the

rocket-on contition for free-slresm Mach ntiers from 0.80 to 1.43. As
expected, the rocket-off condition, which had higher mass flows at a
given ~ than the rocket-on condition, had a corresponding higher
CDL ● For example, at ~ of 1.00, cDi increased from 0.04 to 0.06.

—

“

In order to compare the summation of the drag forces with the
direct measurement obtained from the accelerometer dati~ it iS necess~Y
to include the thrust coefficient of the rocket based on rsm-jet cross-
sectional area for the rocket-on condition. The variation of the rocket
thrust coefficient with ~ is shown in figure 22. This curve was cal-
culated from the rocket performance data given tn reference 8.

.—

Total drag. - The total drag coefficient is shown in figure 23 as a
function of ~ for the rocket-off condition. The total drag coeffi-

—

cient curve is the sumnation of the tiditidual drag coefficients which
were based on pressure measurements, as previously discussed. In fig-
ure 23 &is curve is cmared with the total drag coefficient data
points obtained Independently from the accelerometer data. The agree-

.-

ment between the two methods of obtaining the total drag coefficient is
very good with a maximum deviation of only 6 percent of the over-all.
value. Part of this discrepsacy may be due to interference drag between

—

the four stabilizing fins and the body} as no allowance for interference
drag was made in the swmmtion method of obtaining the total drag coef-
ficient curve. Figure 23 also illustrates the magnitude of the lndi-

—

vidual drag forces relative to each other and to the total drag. It is , *L
noted that the addition of the base drag coefficient to the external
drag coefficient more than doubles the value of the external drag -.

coefficient. At ~ of 1.15, the base drag amounted to 57 percent of
.

.

--
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the total drag. The external drag coefficient, excluding base drag, had
a minimum value of 0.13 at Mo of.0.90 ,andthen gradually increased with
no abrupt change in the transonic range to a maxtium value of 0.20 at
~ of 1.30 fol.lowedby a gadual decrease to 0.17 at Mo of 1.43. Over
the range of this investigation, the external drag is predominantly a
result of the friction drag. It is also apparent from figure 23 that
the abrupt increase in total drag coefficient in the transonic Mo
range of 0.97 to 1.15 was largely due to the increase in the base drag

N coefficient. Also of interest is the fact that at Mo <1.0 for the
o-l
g mass-flow ratio encountered with the rocket-off condition the values of

%=, plW CDC are negative, indicating a net thrust effect on the

engine as opposed to the conventional assumption that s@sonical.ly the
sum of additive and c&l pressure drag approximates”’zero. However, for
the range of mass flows encountered with the rocket-on condition, the
sum of additive and cowl pressure drag was appro~tely Zeroj as shown
in figure 24. Thereforej it may be that the validity of this assumption
is dependent on the mass-flow ratio as shown and -possiblyon the geom-
etry d the inlet.

The drag data for the rocket-on condition are presented in fig-
ure 24. Howev=, since the accelerometer measured the acceleration
resulting from the net force (thrust minus drag) acting on the model,
the propulsive thrust coefficient couldbe cm.uputeddirectly. For com-
parison with the summation of the individual drags it was necessary to
subtract the total drag coefficient from the rocket thrust coefficient
(fig. 22) in order to obtain a propulsive thrust coefficient curve as
shown in figure 24. IX is apparent that good,agreement was obtained
between the data points and the curve, indicating that satisfactory
accuracy was realized dwckng the accelerating, rocket-on phase of the
flight ● The external drag coefficient had a mintium value of 0.17 at
~ of 0.93, which was approxtely 30 percent higher than the minimum ‘
value obtatied-with the rocket-off condition. This increase was due to
the increase in additive drag coefficient resulting from the change in
mass-flow ratio in this Mo range from the rocket-off to”the rocket-

on condition. The external drag coefficient increased gradually from
0.17 to a maxtium value of 0.21 at ~ of 1.25 and then decreased to
0.18 at Mo of 1.43.

Drag Comparison

Figure 25 presents a comparison of the measured drag coefficient
and the base static-pressure ratio of this model with the results
(reference 2) obtained from three other models previously investigated.
Data are shown only for the rocket-off condition as the internal drag
coefficient was not available for all the models during the rocket-on
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operation. The four models were similar exceyt for the size of the
annular restriction. Included in figure 25 are the inside diameters of
the restrictions and the areas of the annular flat bases. Inasmuch as
there is only a very Umited amount of transonic e~erimental data
available for annular flat bases with flow issuing from their centers}
the base static-pressure ratios were included for all the models.” Close
agreement of the annular base data among the four models investigated
is observedj apparently the effect of base area on the base static-
pressure ratio is small for the range of base areas investigated.

The four models were not precisely identical because of slight
variations in surface roughness and fabrication procedure, and therefore
only a general comparison should be made. The reddction in mass flow
caused a decrease b internal drag to occur with a decrease in outlet
diameter at a given Moo However$ as expected, the base drag was
increased tith an increase in base area. For example, at ~ of 1.10
the internal @ag coefficient decreased from 0.11 to 0.02 and the base
drag coefficient increased from 0.31 to 0.41 with an increase in base
area obtained by comparing the data from model 3 with the data from
model 1= At Mo of 0.90 model 3 had the highest total drag coefficient
of 0.50 due to the fact that it had the highest internal drag coeffi-
cient, which at this Mo apparently outweighed the relative effects of
the other drags. The maximum total drag coefficient was 0.63 at Mo of
1.16 and occurred with model 1, which had the largest armular base area.

SUMMARY OF RESULTS

As part of a free-flight transonic drag investigation on full-scale
models of a 16-inch-dismeterram-jet engine, one model was instrumented
sufficiently that the constituents of the total drag could be evaluated.
The model was droppped frmn an airplane at 35,000 feet of altitude,
rocket-propelled %0 a Mach ntier of 1.43, and then decelerated through
the transonic range before @act. Data were obtained over the same
Mach number range for rocket-on and rocket-off operation. The following
results were obtained:

.

—

1. It was possible to account for at least 94 percent of the total
drag as determined directly from accelerometer databy a summation of
the constituent drags, that is, cowl pressure, additive, friction, base,
and internal drag, each of which was determined independently from
pressure measurements.

2. Negative cowl pressure drag coefficients were obtained at Mach
numbers less than 1.22 and 1.39 for the rocket-off and rocket-on condi- M

tions, respectively, indicating a net thrust acting on the cowl.
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3. Good agreement was obtained between
la= velocity profiles and those predicted
radial distances ~eater than 20 percent of

13

the experimental boundary-
by the 1/7 power law at
the boundary-layer thiclmess

from the body. B&w this value the ~rhental data deviated slightly
from the empirical predicted values.

4. The average ~ base drag coefficient of 0.35 occured over
a Mach numhr range of 1.02 to 1.15 fm the rocket-off condition as
compared with 0.32 over a greater Mach nuuber range of 1.02 to 1.32 for
the-rocket-on condition. At ~ of 1.15 (rocket~off
base drag amounted to 57 percent of the total drag.

5. The exbernal drag coefficient, excluding base
rocket-off condition had a minimum value of 0.13 at a
0.90 sad gradually increased with no abrupt change in
range to a nwximum value of 0.20 at 1.30

condition), the

drag, for the
Mach number of
the transonic

6. The conventional subsonic assuu@ion for a ducted.body which
discharges to szibientpressure is that the sum of the additive and cowl
pressure drag coefficient is approximately zero. Data have been pre-
sented which indicate that this may not be a valid assumption and is
influenced by the mass-flow ratio.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio

.

.-.
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)?&ure 3. - Schematic diagram of inlet of 16-&ch-diameLer ram-jet engine hcluJ33Jw design
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Instru-
ment

3
4
5
J-2
13
15
16
17
18
19

29

!lknsducer I Range
Rressure (lb/sq in. abs)

cone, 1
Cone, 2
Cone, 3
cowl, 5
Cowl, 6
Friction total, 1
RrIction total, 2
Friction tot~, 3
Friction total, 4
Friction total, 5

Acceleration

3 -E
3-E
3-15
1-L5
1-I.5
3-26
3-26
3 - 26
3-26
3-26

(ft/sec2)

Accelerometer,1 I o to -lza.s

Letter Designation

A Heater
B oscillators
c Insulatedbatterycmqmrtment
D DynsmOtor
E WanEmitter
F Antenna-airspeedbcmm
G Mcdtiator

(a)~p vtew.

Frequency
(kc)

150
190.5
lso
170
170
1.28.5
129.5
128.5
I.lo
I.lo

I
C-28291

Figure 5. - Telemeter instrumentation for drag model of 16-inch-dismeter rem-jet configu-
ration with Ukhannel telemetering system sail30 caumutableoscillators.
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.
Instru- T3?snsducer Range IErequency
ment tiessure (lb/sqin.*S) (kc)

1 Free-streamtotal 3-26 l’?9.5
2 ltree-streamstatic 3 - 15 lm. s
6 Inlet static 2 -18 199.5
7 Inlet total 3-28 MO.5
8 Cowl “static,1 1 - 15 129.5
9 Cowl static, 2 1-15 lW.5
10 Cowl etatic, 3 1 - 15 110
u Cowl static,4 1 -lx. 170
14 Free-stream shell static 3 - 15 110
20 Base static, 1 2 - 14 118.5
21 Base static, 2 2-14 119.5
22 Base static,3 2 - 14 118.5
23 Base static,4 2 - 14 119.5
24 Base static,5 2 - 14 179.5
26 Exit etatic 3 - 15 m
27 Exit total 3-26 179.5
28 llree-strsamtotal minus diffuser o-

~.
MQ.5

total

Acceleration (ft/sec2)

30 Accelerometer, 2 160 to -160 139.5
25 Accelerometer,3 0 to -80 139.5

titter Designation Letter Designation

A Heater E Oscillators
B Ehdtchingassembly F Power supply panel
c Motor drive for switching G Antennaboom static

waembly
D Insulatedbatterycompextment

—
(b) Bottom view.

2%%’-”

Figure 5. - Concluded. Telemeter instrumentationfor drag model of 16-inch-diameterram-
Jet configurationwith 10-chanueltelemeteringsystm end 30 conmnrtableosclUators.
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roaket-on and rocket-off conditions.

.10

P

.08
0 Acceleratln8, rocket on

(0.665 S m\~ S 0.825)..

3
❑ Decele+atlng, rocket off

>
f~

(0.750 $ ./w ~ 0.656)

4

‘ .06. $‘

8
;

g
?+

.04 $ (

~
/

PI

: 5

~ .o~.
Pg o

3 Y

o i

5
F

-.02-
.8 ,9 1.0 “1.1 1.2 -’ 1.3 1.4 1.5

Free-stream Mach number, Mo

Figure 8. - Effect of free-stream Mach number on pltot static position
error for rocket-on and rocket-off ccmdltions.

.

—

*L

l!-
--
“z

—

.>
-.

.%
—.
=
=-.

.:

+

.
*“-

.

-..——

-_

—

—

.--

.=

.
.*



< . 254S ● <
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1 1 1

0 Accelerating, rocket on

(0.665 ~ m\~ ~ 0.825)

❑ Decelerating, rocket off

(0.750 S m/n@ S 0.836)

.8 .9 1.0 1.1 1.2 1.3 1.4 1.5

Free-stream Mach number, Mo

Figure 9. - Effect ‘of free-stream Mach number on diffuser-exit Mach num-
ber and diffuser total-pressure ratio for rocket-on and rocket-off
conditions .

1



24 .-, -

- 7.34~ 53.5 conical section

NACARME52F02

.

4

.—

r

Center llne —— - -

Cowl detail .
.—

1.41
I 1 I I I I I I I

1 1 1 1
{

Aooeleratlng, rocket on
I

d 3?4

I I
-—

I I I I I I I I (1;. ) (ii.)

I I I I I I I
.2’

I I I
n 0.20 5.20J

5.26
5.35
5.46
5.56
.6.001

.44
5 .81

1.

1.

.

I ,

I

I I
I I

tl—.
I I

yq=

.4
.8 .9 1.0 1.1 1.2 1.3 1.4 10

.

.

—
,5

Free-stream Mach number,M.
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Figure 13. - Effect OJ?free-stream Mach number on additive drag coefficient
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based on wetted area.
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Figure 21. - Effect of free-stream Mach number on internal drag coefficient
for rocket-on and rocket-off conditions.

.

.

3.0

\

2.0 \

\ i

1.0 ~

1 1

0
*

.8 .9 1.0 1.1 1.2 1.3 1.4 1.5

I t I I
r \ , 1 1 1

—
I I 1

I I

I I I

Free-stream Mach number, ~

Figure 22. - Effect of free-stream Mach number on rocket thrust coef’flclent
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Figure 25. - Effect of free-stre~ Mach number on baee static-pressure
ratl.oand total, base, and internal drag coeffiolentsfor models 1, 2,
3, and 4 operatingat rocket-off condltf.on.
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